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(57) ABSTRACT

A process for the selective removal of a substance from a
substrate for etching and/or cleaning applications 1s dis-
closed herein. In one embodiment, there 1s provided a
process for removing a substance from a substrate compris-
ing: providing the substrate having the substance deposited
thereupon wherein the substance comprises a transition
metal ternary compound, a transition metal quaternary com-
pound, and combinations thereof;, reacting the substance
with a process gas comprising a fluorine-containing gas and
optionally an additive gas to form a volatile product; and
removing the volatile product from the substrate to thereby
remove the substance from the substrate.

19 Claims, 2 Drawing Sheets

(NFg, Ar, Op)

Remote Plasma —

Test Sample —____|

Wafer Pedastal
funheated}

Pump Poart

Expeorimental setup for remote plasma etching/cleaning

13.56 MHz BF )

Gas inlet C
70

” Soollng Water

— 40

e
N
L )

Pump Port

Expsrimental setup for in situ plasma etching/cleaning



U.S. Patent May 13, 2008 Sheet 1 of 2 US 7,371,688 B2

Process Gases

NF,, Ar, O,)
(NF3 2 0
Remote Plasma w
20
d
Test Sample
Wafer Pedestal
(unheated)

Pump Port

Figure 1

Experimental setup for remote plasma etching/cleaning

13.56 MHz RF U

Cooling Water

“°

L .

Gas Inlet

/70

55

Experimental setup for in situ plasma etching/cleaning



U.S. Patent May 13, 2008 Sheet 2 of 2 US 7,371,688 B2

Center Coupon After processing

E_ >
T £ 30

c 9 _ |
8 W
2 5 IE—
PRI . =
1 —EE - N
‘LEME ™ =l B

0.5 1.75 3

Pressure (Torr)

Figure 3

Sample coupons after in situ plasma etching/cleaning

100
Pump

(Gases Sample

Carrier Wafer

140 130

Ground ° Heater Power

Figure 4

Experimental setup for thermal etching/cleaning



Us 7,371,688 B2

1

REMOVAL OF TRANSITION METAL
TERNARY AND/OR QUATERNARY
BARRIER MATERIALS FROM A
SUBSTRATE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 60/507,224, filed 30 Sep. 2003.

BACKGROUND OF THE INVENTION

In recent years, the semiconductor industry has widely
adopted copper or copper-containing compounds as conduc-
tive materials and low dielectric constant (low-k) materials
as 1nsulating materials for interconnection between transis-
tors 1n itegrated circuit (IC) manufacturing. One manufac-
turing step that helps ensure the successiul integration of
copper and low-k dielectric matenials 1s the deposition of
barrier materials between copper and dielectric materials.
The barrier materials may also be called diffusion barrier or
liner materials. Barrier materials may serve both as a diffu-
sion barrier that prevents the diffusion or migration of the
conductive materials into the insulating materials and active
regions of transistors, and as an adhesion promoter that
climinates delamination and voids between the conductive
materials and the surrounding regions of mnsulating, dielec-
tric materials.

Materials that are suitable for use as barrier materials
generally possess one or more of the following qualities:
strong mechanical and structural integrity, high electrical
conductivity, good conformal coverage over device features,
and high chemical, mechanical, and electrical stability
against defect formation. Furthermore, barrier materials
should have one or more of the aforementioned qualities at
increasingly reduced thickness. For example, a typical bar-
rier layer thickness may be 20 nm for a 150 nm device.

Barrier materials have evolved from transition metals
such as, tantalum and tungsten, to transition metal binary
compounds such as, for example, tantalum nitride (TaN,)
and tungsten nitride (WN_). More recently, transition metal
ternary compounds such as tungsten-nitride-carbide
(WN,C,), tantalum-silicon-nitride (TaS1 N, ), and tungsten-
silicon-nitride (WS1,N,)) have been considered for use as a
barrier material. In this connection, one such material,
tungsten-nitride-carbide (WN_C ), may be suitable for use
as a barrier material 1n deep sub-100 nm IC devices because
it 1s a highly refractory material with high mechanical and
chemical stability even at elevated temperatures. The incor-
poration of carbon into these barrier materials greatly
enhances the chemical and mechanical stabilities of the
barrier film so that a much thinner film (<35 nm) 1s adequate
as the copper diffusion barrier.

Transition metal ternary compound thin films are typi-
cally deposited from chemical precursors that are reacted 1n
a processing chamber to form films 1n a chemical vapor
deposition (CVD) process such as metal-organic chemical
vapor deposition (MOCVD). As the barrier layer thickness
turther decreases, these barrier materials may be deposited
onto semiconductor substrates (wafers) by atomic layer
deposition (ALD) or atomic layer chemical vapor deposition
processes (ALCVD) in which the films are deposited in
controlled, nearly monoatomic layers. A high quality thin
barrier film of tungsten mitride carbide can be deposited, for
example, by ALD through a pulsed exposure sequence of
NH, (ammonia), B(C,H;); (triethyl boron), and WF (tung-
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sten hexafluoride) at one or more temperatures ranging from
300 to 3350° C. An example of an ALD deposition of a
WN C, film 18 provided, for example, in the reterence
Wei-Min L1 et al., “Deposition of WN,C,, thin films by
ALCVD method for diffusion barriers in metallization”,
Proceedings of the 5 IEEE International Interconnect Tech-
nology Conierence, Burlingame, Calif.

While the deposition process desirably forms barrier films
on a substrate (typically a silicon water), the reactions that
form these films also occur non-productively on other
exposed surfaces inside of the processing chamber. Accu-
mulation of deposition residues results 1n particle shedding,
degradation of deposition uniformity, and processing drifts.
These eflects can lead to waler defects and subsequent
device failure. Therefore, periodic cleaning of the process-
ing chambers, also referred to as chamber cleaning, is
necessary. CVD chambers used for deposition of tungsten
(W) metal films and binary tungsten compounds such as
tungsten silicide are typically cleaned with fluorine-contain-
ing plasmas. In these cleaning processes, atomic fluorine can
react with tungsten and silicon to form volatile byproducts
such as, for example, WF_(m=1-6) and SiF, (n=1-4). The
volatile byproducts are then removed from the chamber by
vacuum pump.

While there 1s a large body of work on etching tungsten
metal, and dry cleaning of conventional CVD chambers
used for depositing tungsten metal and other dielectric
materials such as S10,, these applications and processes are
not directly applicable to transition metal ternary com-
pounds such as tungsten-nitride-carbide (WN_ C,) because
these materials are much more chemically stable and highly
refractory. Furthermore, the incorporation of carbon into
certain transition metal ternary maternals poses additional
challenges. Unlike tungsten and silicon, the carbon compo-
nent 1 a thin film or deposition residue does not typically
form volatile byproducts with fluorine atoms. Instead, the
carbon component tends to form nonvolatile fluorocarbon
polymer residues. As tungsten and/or silicon components are
removed as volatile byproducts, the remaiming residues
become carbon enriched. Such a problem has become well
known 1n etching and cleaning of carbon-doped silicate
glass (CSG) low dielectric constant materials. In the case of
tungsten carbide (WC), fluorine-containing plasmas prefer-
entially remove the tungsten component and leave the
carbon particles behind.

CVD and/or ALD chambers used for tungsten carbide and
tungsten depositions have to be periodically disassembled
and cleaned by mechanical means (scrubbing or blasting)
and/or by wet chemical solutions. A mixture of potassium
terricyanide (K ;Fe(CN),), sodium hydroxide (NaOH), and
water (H,O) has been found to eflectively remove WC
coatings. Mechanical and wet clean processes are time
consuming and labor intensive.

Accordingly, the IC industry needs a viable dry chamber
cleaning technology that can reliably remove the deposition
residues of transition metal ternary compounds. Compared
with wet or mechanical cleaning, dry chamber cleaning
preserves process chamber vacuum. Compared with disas-
sembling the process chamber followed by wet or mechani-
cal cleaning, a dry cleaning technology can greatly minimize
chamber down time, and hence 1ncrease waler throughput.

BRIEF SUMMARY OF THE INVENTION

The present invention 1s directed, in part, to processes for
removing a substance from a substrate. In one aspect of the
present invention, there 1s provided a process for removing
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a substance from at least a portion of a substrate comprising:
providing the substrate comprising the substance selected
from a transition metal ternary compound, a transition metal
quaternary compound, and mixtures thereof deposited there-
upon; reacting the substance with a process gas comprising,
a fluorine-containing gas and optionally an additive gas to
form a volatile product; and removing the volatile product
from the substrate to thereby remove the substance from the
substrate.

In another aspect of the present invention, there i1s pro-
vided a process for cleaning a substance from a process
chamber surface comprising: providing a process chamber
containing the process chamber surface wherein the process
chamber surface 1s at least partially coated with a film
comprising the substance selected from a transition metal
ternary compound, a transition metal quaternary compound,
and mixtures thereof; reacting the substance with a process
gas comprising a fluorine-containing gas to form a volatile
product wherein the fluorine-containing gas comprises at
least one member selected from NF;, CIF,, CIF, SF,, a
perfluorocarbon, a hydrofluorocarbon, F,, a gas having the
formula NF,Cl;_ , where n 1s a number ranging from 1 to 2,
and mixtures thereof; and removing the volatile product
from the process chamber to thereby remove the substance
from the substrate.

In a further aspect, there 1s provided a process for remov-
ing a substance from at least a portion of a substrate
comprising: providing the substrate having the substance
comprising a transition metal carbonitride; reacting the
substance with a process gas comprising a fluorine contain-
ing gas and optionally an additive gas to form a volatile
product; and removing the volatile product from the sub-
strate to thereby remove the substance from the substrate.

In yet another aspect, there 1s provided a process for
removing a substance from at least a portion of a substrate
comprising: providing the substrate having the substance
comprising a transition metal silicon nitride; reacting the
substance with a process gas comprising a fluorine contain-
ing gas and optionally an additive gas to form a volatile
product; and removing the volatile product from the sub-
strate to thereby remove the substance from the substrate.

In a still further aspect, there 1s provided a process for
removing a substance from at least a portion of a substrate
comprising: providing the substrate having the substance
comprising a transition metal quaternary compound; react-
ing the substance with a process gas comprising a fluorine
contaiming gas and optionally an additive gas to form a
volatile product; and removing the volatile product from the
substrate to thereby remove the substance from the sub-
strate.

These and other aspects of the present invention are
provided in the following detailed description.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

FIG. 1 1s a schematic diagram of an experimental appa-
ratus relating to remote plasma cleaning.

FIG. 2 1s a schematic diagram of an experimental appa-
ratus relating to 1n situ plasma cleaning.

FIG. 3 1s a plot of pressure vs. the thickness of the residual
S10, film for films subjected to ditierent power densities.

FIG. 4 1s a schematic diagram of an experimental appa-
ratus relating to thermal cleaning.
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DETAILED DESCRIPTION OF TH.
INVENTION

(L]

The process described herein 1s suitable for dry-etching
barrier materials and dry-cleaning chemical vapor deposi-
tion (CVD), atomic layer deposition (ALD), or atomic layer
chemical vapor deposition (ALCVD) chambers and other
process chambers used to deposit transition metal ternary
compounds and/or transition metal quaternary compounds
onto waler surfaces. Unlike traditional wet-etching and
wet-cleaning processes, the dry-etching and dry-cleaning
process described herein does not immerse the substrate in
nor expose the substrate to liquid chemical solutions.

In one particular embodiment of the present invention, the
process removes a non-volatile substance from at least a
portion of a substrate. The material to be removed from the
surface being etched or cleaned 1s converted from a solid
non-volatile material into species having higher volatility
which allows them to be readily removed by the process
chamber vacuum pumps or other means by exposure to a
process gas mixture comprising a tluorine-containing gas.
Thus, 1n preferred embodiments, a substance may be
removed from a substrate by contacting it with the process
gas under conditions suflicient to react with the substance
and form volatile products. The term *“volatile products™, as
used herein, relates to reaction products and by-products of
the reaction between the substance to be removed and the
process gas.

The process described herein 1s usetul for etching semi-
conductor substrates and cleaning process chambers for
semiconductor manufacturing. Suitable substrates that may
be used include, but are not limited to, semiconductor
materials such as galllum arsenide (“GaAs”), boronitride
(“BN”) silicon, and compositions containing silicon such as
crystalline silicon, polysilicon, amorphous silicon, epitaxial
silicon, silicon dioxide (“S10,”), silicon carbide (“S1C”),
s1licon oxycarbide (“S10C”), silicon nitride (*S1N”), silicon
carbonitride (*Si1CN”), organosilicate glasses (“OSG”),
organofluorosilicate  glasses (“OFSG™), fluorosilicate
glasses (“FSG”), and other appropriate substrates or mix-
tures thereol. Substrates may further comprise a variety of
layers to which the film 1s applied thereto such as, for
example, antireflective coatings, photoresists, organic poly-
mers, porous organic and inorganic materials, metals such as
copper and aluminum, and/or diffusion barrier layers such as
the transition metal ternary compounds disclosed herein. In
one embodiment, the transition metal ternary barrier layer
may be deposited by a CVD, PECVD, or other process
tollowed by a subsequent removal of a portion of the barrier
layer. This may allow for the formation of extremely thin
films, 1.e., <50 nm.

In some embodiments, the process described herein may
be used to clean surfaces within a process chamber that 1s
used to deposit transition metal ternary compounds and/or
transition metal quaternary compounds. In embodiments
wherein the process 1s a chamber cleaning process, the
process chambers can be, for example, chemical vapor
deposition (CVD) process chambers, metal-organic chemi-
cal vapor deposition (MOCVD) process chambers, atomic
layer deposition (ALD) process chambers, atomic layer
chemical vapor deposition (ALCVD) process chambers,
physical vapor deposition (PVD) process chambers, and
sputter coating process chambers. These transition metal
ternary and quaternary compounds may be deposited, for
example, by chemical vapor deposition (CVD), metal-or-
ganic chemical vapor deposition (MOCVD), atomic layer
deposition (ALD), atomic layer chemical vapor deposition
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(ALCVD), plasma enhanced chemical vapor deposition
(PECVD), or other means. The process disclosed herein 1s
usetiul for cleaning deposition residues from the inside of
process chambers and the surfaces of various fixtures con-
tained therein such as, but not limited to, fluid inlets and
outlets, showerheads, work piece platiorms, etc. while mini-
mizing damage thereto. The surface of the chamber and
fixtures contained therein may be comprised of a variety of
different materials including metals, such as titanium, alu-
minum, stainless steel, nickel, or alloys comprising same,
and/or isulating materials, such as a ceramic, e.g., quartz or
ALO;,

In certain embodiments, the process chamber can remain
at substantially similar operating conditions (pressure and
temperature) during the cleaning operation as during the
deposition operation. For example, in embodiments wherein
the process chamber 1s used for CVD, the flow of deposition
gas 1s stopped and purged from the process chamber and
delivery lines. If needed, the temperature of the process
chamber may be changed to an optimum value; however, 1n
preferred embodiments, the process chamber temperature 1s
maintained at the deposition process conditions. A process
gas 1s flowed into the process chamber and activated to
provide reactive species. The reactive species converts the
deposition residues 1nto a volatile product that 1s removed
from the chamber. After a prescribed time, or after the
concentration of the formed volatile products detected 1n the
chamber eflluent 1s below an acceptable level, the flow of
process gas 1s stopped and preferably purged from the
chamber and delivery lines. The tlow of the deposition gas
1s then restarted and the CVD deposition process resumed.

As previously mentioned, the substance to be removed 1s
a transition metal ternary or quaternary compound. The
transition metals 1n these compounds may be, for example,
titanium, tungsten, chromium, tantalum, molybdenum, zir-
conium, vanadium, or mixtures thereol. Examples of tran-

sition metal ternary compounds include TaN C , WN C,,

TaS1N,, TaS1,C,, WSI N, and WS1,C,, etc. where the
subscripts “x” and “y” 1n the range of 0.05 to 10.0 designate

transition metal carbonitrides, transition metal silicon
nitrides, transition metal silicon carbides, and transition
metal silicon carbonitrides that are not necessarily stoichio-
metric, having a wide range of phases with varying metal/
nitrogen, metal/carbon, and metal/silicon ratios. Exemplary
transition metal carbonitrides include titanium carbonitride
(TINC), tantalum carbonitride (TaNC), chromium carboni-
tride, tungsten carbonitride, molybdenum carbonitride, and
zircontum carbonitrides. Exemplary transition metal silicon
nitrides include titanium silicon nitride (T1S1N), and molyb-
denum silicon nitride (MSiN). Exemplary transition metal
s1licon carbides include titantum silicon carbide (1T151C) and
tungsten silicon carbide (WS1C). Exemplary transition metal
quaternary compounds include silicon carbonitrides such as
silicon carbonitride, titanium silicon carbonitride, and tan-
talum silicon carbonitride.

Since the fluorides of the transition metals are more
volatile, it 1s preferred to convert the transition metal portion
ol these substances 1nto fluorides. This conversion 1s accoms-
plished by contacting the substance to be removed with a
process gas comprising a fluorine-containing gas. Examples
of fluorine-containing gases include: NF, (nitrogen trifluo-
ride), CIF, (chlonne trifluoride), CIF (chlorine monotluo-
ride), SF, (sulfur hexafluonide), perfluorocarbons such as
CF, and C,F¢ ete, hydrofluorocarbons such as CHF; and
C,F-H etc., NF _Cl,__, where x ranges from 1 to 2, HF, and
molecular F, etc. The fluorine-containing gases can be
delivered by a variety of means, such as, but not limited to,
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conventional cylinders, safe delivery systems, vacuum
delivery systems, or solid or liquid-based generators that
create the reactive gas at the point of use. The concentration
of the fluorine-containing gas can range from 0.1 to 100%.

In addition to the fluorine-containing gases described
herein, additive gases such as hydrogen, nitrogen, CO.,,
helium, neon, argon, krypton, xenon and mixtures thereof
can also be added to the process gas. In certain instances,
additive gases can modily the plasma characteristics and
cleaning processes to better suit some specific applications.
The concentration of the additive gases within the process
gas can range from 0 to 99% or from 20% to 90% by
volume.

In certain embodiments, the process gas can further
contain an oxygen-containing gas. Exemplary oxygen-con-
taining gases include O,, O,, CO, CO,, NO,, and N,O. In
these embodiments, the amount of oxygen-containing gas
present in the mixture may range from 20 to 90 by volume.
In alternative embodiments, however, the process gas 1s
substantially free of an oxygen-containing gas.

The reaction between the one or more tluorine-containing,
gases or gas mixtures and the transition metal ternary
compound may be activated by one or more energy sources
such as, but not limited to, 1n situ plasma, remote plasma,
remote thermal/catalytic activation, in-situ thermal heating,
clectron attachment, and photo activation. These processes
may be used alone or 1n combination.

Thermal or plasma activation and/or enhancement can
significantly impact the eflicacy of the etching and cleaning
of transition metal ternary compounds. In thermal heating
activation, the process chamber components are heated
cither by resistive heaters or by intense lamps. Cleaning
gases are thermally decomposed into reactive radicals and
atoms that subsequently volatize the deposition residues.
Elevated temperature may also provide the energy source to
overcome reaction activation energy barrier and enhance the
reaction rates. For thermal activation, the substrate can be
heated to at least 100° C., or at least 300° C., or at least S00°
C. In embodiments wherein at least one of the fluorine-
containing gases 1S NF,, the substance can be heated up to
at least 300° C., or at least 400° C., or at least 600° C. In
these embodiments, the temperature may range from about
450° C. to about 700° C. Different process gases may use
different temperature ranges. For example, 1 the process gas
contains CIF; or F, as the fluorine-containing gas, the
temperature may range from about 100° C. to about 700° C.
In any of these embodiments, the pressure may range from
10 mTorr to 760 Torr, or from 1 Torr to 760 Torr.

In embodiments wherein an 1n situ plasma source 1s used
to activate the cleaning chemistry, fluorine-containing gas
molecules such as NF, may be broken down by the dis-
charge to form reactive fluorine-containing ions and radi-
cals. The fluorine-containing ions and radicals can react with
the transition metal ternary compounds to form volatile
species that can be removed from the process chamber by
vacuum pumps. For in situ plasma activation, the 1n situ
plasma can be generated with a 13.56 MHz RF power
supply, with RF power density of at least 0.2 W/cm?, or at
least 1 W/cm?, or at least 3 W/cm?®. Alternatively, the in situ
plasma can be operated at RF frequencies lower than 13.56
MHz to enhance cleaning of grounded chamber walls and/or
fixtures contained therein. The operating pressure may range
from 2.5 mTorr to 100 Torr, or from 5 mTorr to 50 Torr, or
from 10 m'Torr to 20 Torr. In one particular embodiment, the
process 1s conducted at a pressure of 5 torr or less. In these
embodiments, an in situ energy source, such as in situ RF
plasma, can be combined with a thermal and/or remote
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energy source. This particular embodiment ensures plasma
stability and negligible damage to the process chamber and
fixtures contained therein.

A remote energy source, such as, but not limited to, a
remote plasma source activated by RF, microwave, or ICP
activation, a remote thermal activation source, a remote
catalytically activated source, or a remote source which
combines thermal and catalytic activation, can be used to
generate the volatile product. In remote plasma cleaning, the
process gas 1s activated to form reactive species outside of
the process chamber which are introduced into the process
chamber to volatize the substance to be removed. In remote
thermal activation, the process gas first flows through a
heated area outside of the process chamber. The gas disso-
ciates by contact with the high temperatures within a vessel
outside of the chamber to be cleaned. Alternative approaches
include the use of a remote catalytic converter to dissociate
the process gas, or a combination of thermal heating and
catalytic cracking to facilitate activation of the oxygen and
fluorine sources within the process gas. In these embodi-
ments, reactions between remote plasma generated reactive
species and the deposition residues can be activated/en-
hanced by heating the process chamber to temperatures of at
least 300° C., or at least 400° C., or at least 600° C.

In embodiments where temperatures greater than about
300° C. are not suitable due to thermally labile matenals
present on the substrate or within the reaction chamber,
alternative activations processes can be employed. In remote
thermal activation, the cleaning gas first flows through a
heated area outside of the vessel to be cleaned. Here, the gas
dissociates by contact with the high temperatures within a
vessel outside of the vessel to be cleaned. Alternative
approaches 1include the use of a catalytic converter to
dissociate the process gas, or a combination of thermal
heating and catalytic cracking to facilitate activation of the
cleaning gases.

In certain embodiments, reactions between remote plasma
generated reactive species and the transition metal ternary
compound can be activated/enhanced by heating the process
chamber. The reaction between the remote plasma generated
reactive species and transition metal ternary compound can
be activated and/or enhanced by heating the process cham-
ber to a temperature suilicient to dissociate the fluorine
containing gas within the process gas. The specific tempera-
ture required to activate the cleaning reaction with the
substance to be removed depends on the process gas recipe.

In one particular embodiment, a combination of a remote
plasma and in situ plasma are employed as energy sources
to activate the process gas to form the reactive species. In
this embodiment, a first portion of the process gas 1s
activated 1n an area outside of the process chamber, which
1s itroduced into the process chamber after activation. A
second portion of the process gas 1s activated within the
process chamber along with any portion of the first activated
gas 1n which the reactive species may have recombined.

In alternative embodiments, the molecules of the fluorine-
containing gas within the process gas can be dissociated by
intense exposure to photons to form reactive species. For
example ultraviolet, deep ultraviolet and vacuum ultraviolet
radiation can assist breaking strong chemical bonds 1n the
ternary compounds as well as dissociating the fluorine-
containing gas within the process gas thereby increasing the
removal rates of ternary compounds. Other means of acti-
vation and enhancement to the processes described herein
can also be employed. For example, one can use photon
induced chemical reactions to generate reactive species and
enhance the etching/cleaning reactions.
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The process will be illustrated 1n more detail with refer-
ence to the following Examples, but i1t should be understood
that the process 1s not deemed to be limited thereto.

EXAMPLES

The following are experimental examples for dry etching/
cleaning of tantalum or tungsten containing ternary barrier
materials such as WN_C  films/residues. Depending upon
the activation method, the process chamber was configured
with a remote plasma generator, parallel plate electrodes for
in situ plasma generation, or a heating pedestal for thermal
reactions. Unless otherwise stated, the sample coupons
comprise a silicon water that 1s first coated via ALD with an
approximately 20 nm thick layer of silicon dioxide and then
coated via ALD with a layer of tungsten nitride carbide
(WN, 3C, ~). For in-situ and thermal experiments, the thick-
ness of the tungsten nitride carbide layer 1s about 20 nm; for
remote experiments, the thickness of the tungsten nitride
carbide layer 1s about 90 nm.

For each experimental run, a sample coupon was put onto
a carrier waler and loaded onto the process chamber chuck
through a load lock. The process chamber was then evacu-
ated. Process gases were fed 1nto the process chamber and
the chamber pressure was stabilized. The process gases were
then activated by any one of the several activation mecha-
nisms. The thickness of the WN_ C, film on a coupon was
measured by several methods. For very thin films with good
optical transparency (<20 nm), the film thickness was mea-
sured by spectroscopic ellipsometry both before and after a
timed exposure of the etching/cleaning process. For thick
films with poor optical transparency (>20 nm), a four-point
clectric conductivity probe was used to measure the film
thickness both before and after the etching/cleaning pro-
cesses. 1o verily the accuracy of the electrical four-point
probe measurements, some of the samples coupons were cut
into cross sections after the etching/cleaning process. The
coupon cross sections were then examined by scanning
clectron microscopy (SEM) to accurately determine the
WN C, film thickness after the processing. The SEM results
were consistent with the four-point probe measurements.
The sample coupons were characterized by spectroscopic
cllipsometry for film thickness before and after each clean-
ing cycle to determine changes 1n film thickness. Change 1n
barrier film thickness after plasma processing 1s then used to
calculate the etch rate.

Example 1

Remote Plasma Cleaning of Ternary Tungsten
Nitride Carbide (WN,C ) Materials

FIG. 1 provides an 1llustration of the experimental setup
for remote plasma cleaning. An ASTRON® remote plasma
generator 10 manufactured by MKS Instruments of Wilm-
ington, Mass. was mounted on top of process chamber 20.
The distance “d” between the exit of remote plasma gen-
crator 10 and the sample coupon 30 1s about six inches.
Table 1 lists the experiment recipes and WN, C etch rates.
In all of the runs, the chamber pressure was kept at 4 Torr.
The thickness of the tungsten nitride carbide layer on the
sample coupon 1s about 90 nm.

Each run was conducted 1n the following manner: vent
chamber and open front door; load sample coupons and
close front door; evacuate chamber to reach baseline
vacuum pressure; mtroduce argon (Ar) gas and stabilize
pressure; turn on the remote plasma power; mtroduce pro-
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cess gases; turn ofl the remote plasma power after 1 minute;
stop process tlows and evacuate chamber; and vent chamber
and retrieve sample coupons for analysis. The flow rates of
the fluorine-containing gas, additive gas, and oxygen-con-
taining gas and the etch rates are provided 1n Table 1. The
term “sccm’ denotes standard cubic centimeter per minute.

TABLE 1

Remote plasma etching of WN,C_ materials

WN,.C, etch
NF; flow Ar flow O, flow rate
Run# (sccm) (sccm) (sccm) (nm/min)
1 50 50 50 18
2 50 50 25 17
3 50 50 10 27
4 50 50 5 28
5 50 50 0 38
Example 2

In Situ Plasma Cleaning of WN,C

FIG. 2 provides an 1llustration of the experimental setup
tor in situ plasma cleaning of WN,_C, . The experiments were
run 1n a capacitively coupled parallel plate process chamber
40. The gap spacing between the two electrodes was one
inch. A sample coupon 30 was placed on the center of the
grounded lower electrode 60 so that 1t 1s 1n direct contact
with the plasma. There 1s no dc seli-bias voltage and no RF
driven voltage at grounded electrode and chamber walls.
Process gases were mtroduced from a side port 70 and
pumped out through another port 80 on the opposite side of
the chamber. RF power was applied to the top electrode 90,
which was water cooled at 20° C. The thickness of the
tungsten nitride carbide layer on the sample coupon 1s about
20 nm.

Each run was conducted 1n the following manner: process
chamber 40 was loaded with sample coupons 50 and sample
loading door 55 was closed. Chamber 40 was evacuated to
reach baseline vacuum pressure. Process gases containing,
NF, was introduced and the pressure was stabilized. The RF
power to top electrode 90 was activated for 1 minute thereby
generating a NF; plasma field 65. The process gas was
stopped and chamber 40 was evacuated. Chamber 40 was
vented and sample coupons 50 were retrieved and analyzed.

Initial screening experiments were conducted using the
following parameters: 13.56 MHz RF power at 50-150 W, or
power density of 0.6-1.8 W/cm?; chamber pressure 0.5-4.5
Torr, 10-20 mole % of NF, diluted with helium with a total
gas flow of 100 standard cubic centimeters per minute
(sccm). In this series of experiments, removal of WN C, was
observed on sample coupons that were placed 1n the center
of process chamber 40 for all NF; concentrations between
10 and 20 mole % during the initial screen DOE.

In subsequent experiments, NF,; concentration was fixed
at 12.5 mole %, while systematically changing RF power
between 50 and 150 W, or power density between 0.6 and
1.8 W/cm?, and pressure between 0.5 and 3 Torr. For all the
sample coupons placed upon the-grounded electrode 60, the

top WN, C, layer was completely removed after 1 minute
processing under all conditions. In some cases, a significant
portion of the underlying S10, layer was also removed after
the complete-removal ot the top WN, C layer. Theretore, the
residue S10, film thickness 1s an indicator of the relative rate
to remove the WN C, top layer: the less the 510, residue

5

10

15

20

25

30

35

40

45

50

55

60

65

10

film thickness, the higher the rate of removal of WN C,
layer. The results are provided in FIG. 3. The residue S10,
film appeared to be thicker in the 1.2 W/cm* and 3 Torr run.
This was because the sample surface became coarse which
made 1t diflicult for the spectroscopic ellipsometer to accu-
rately determine the film thickness. Nevertheless, 1n all of
sample coupons, the top WN C layer was completely
removed.

Example 3

Thermal NF; Cleaning of WN C,

FIG. 4 1s a schematic diagram of the experimental setup
for thermal clean ot WN_C,, sample coupons. This process
chamber 100 was modified from the 1n situ plasma process
chamber 40 shown in FIG. 2. The sample coupon 110 was
placed on a 4 inch carrier water 120, which was placed on
a heated pedestal 130. Other aspects of the process chamber
design were similar to those described 1n FIG. 2. After the
introduction of the sample coupon and evacuation of the
process chamber, the pedestal and the sample coupon was
heated by a resistive heater to reach a preset temperature. A
process gas 140 contaiming the tfluorine-containing gas NF,
was then fed into the process chamber 100 to reach a preset
chamber pressure to remove the WN C  film from the
sample coupon 110. The sample coupons were measured by
spectroscopic ellipsometer before and after the processing.
The thickness of the tungsten nitride carbide layer on the
sample coupon 1s about 20 nm. Table 2 lists the process
recipes and results. It can be seen that WN_C film can be
rapidly removed at a temperature of 450° C. or higher.
Increasing pressure may increase WN_C  removal rate. The
total process time included the time to reach set pressure.
Since 1t took much longer time to reach higher pressure, the
true removal rate at higher pressures may be faster than
those given 1n Table 2. At 350° C., the observed removal
rates were very low since very little NF, was decomposed to
release reactive at 350° C. Adding 50 sccm of O, to 50 sccm
of NF, 1n the process gas mixture at 350° C. did not improve
the removal rate.

TABLE 2
Thermal NF; cleaning of WN, C,
WN,C,
O Total removal
NF; Flow  Flow process rate
Run# T (°C.) P (Torr) (sccm) (sccm) time (min) (nm/min)
1 350 100 50 0 15 0.4
2 350 200 50 0 30 0.56
3 350 300 50 0 25 0.69
4 350 100 50 50 15 0.16
5 450 100 50 0 10 (»=>2.73%)
6 450 50 50 0 5 (>=>5.46%)
7 450 20 50 0 2 10.71
*Note:

The WN, C, top layer was completely removed, and the SiO, under layer
was partially removed. As a result, WN,C, removal rate cannot be accu-
rately estimated.
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Example 4

Comparison of Remote NF, Plasma Cleaning of
Transition Metal Binary compound WC and
Transition Metal Ternary Compound

Remote NF, plasma etching/cleaning of sample coupons
having a tungsten carbide (WC) film or a tungsten nitride
carbide film was conducted using the same method
described 1n Example 1. For the tungsten carbide coupons,
about 3 micrometer thick tungsten carbide (WC) film was
coated by physical vapor deposition (PVD) onto 1" square
stainless steel sample coupon. For direct comparison, one
WC sample and one WN _C  sample were placed side-by-
side onto the same carrier waler i the experiments. Fur-
thermore, to ensure that only the top film coated-surface 1s
exposed to the cleaning chemistry, the edges of both sample
coupons were sealed to the carner waler by Kapton tapes.
After placing the samples inside the process chamber, and
the process chamber was evacuated, the following NF,
remote plasma was operated for three minutes: 50 sccm Ar,
50 sccm NF;, and 4.0 torr. The rates of removal of WC and
WN_C, films are determined by the weight changes ot each
sample after the processing. The sample weights of each
sample were measured by a precision balance. The results
are given 1n Table 3.

TABLE 3

Comparison of NF; remote plasma etching/cleaning
of WN.C_ and WC film

Weight

before = Weight after  Weight  Etch Time Etch rate
Sample etching (g) etching (g) change (g) (min) (mg/min)
WN,.C, 6.5362 6.533 0.0032 3 1.07
WC 444711 44.471 0.0001 3 0.03

Table 3 shows that a process gas containing NF; 1s
ellective 1n removing ternary transition metal nitride carbide
such as WN,C but 1s not effective in removing a binary
transition metal carbide such as WC.

While the invention has been described 1n detail and with
reference to specific examples thereot, 1t will be apparent to
one skilled 1n the art that various changes and modifications
can be made therein without departing from the spirit and
scope thereof.

The 1nvention claimed 1s:
1. A process for removing a substance from at least a
portion of a substrate, said process comprising:
providing the substrate comprising the substance, wherein
the substance 1s a transition metal ternary compound
selected from the group consisting of TaN, C , WN_ C
TaS1,C,, WS1,C,, and mixtures thereof and wherein x
and v independently range from 0.05 to 10.0;

reacting the substance with a process gas comprising a
fluorine-containing gas and optionally an additive gas
to form a volatile product; and

removing the volatile product from the substrate to

thereby remove the substance from the substrate.

2. The process of claim 1, wherein the fluorine-containing,
gas 1s selected from NF,, ClF,, CIF, SF,, a perfluorocarbon,
hydrofluorocarbon, HF, F,, a gas having the formula
NF Cl;_ , where n 1s a number ranging from 1 to 2, and
mixtures thereol.

3. The process of claim 2, wherein the fluorine-containing,

gas 1s NF;.
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4. The process of claim 1, wherein the fluorine-containing,
gas 1s conveyed to the substance from a gas cylinder, a safe
delivery system, a pipeline, a point of use delivery system,
a vacuum delivery system, and combinations thereof.
5. The process of claim 1, wherein the fluorine-containing,
gas 1s formed 1n close proximity to the process chamber by
a point-of-use generator.
6. The process of claam 1, wherein the process gas
comprises the additive gas.
7. The process of claim 1, wherein the process gas further
comprises an oxygen-containing gas.
8. The process of claim 1, wherein the process gas 1s
substantially free of an oxygen-containing gas.
9. The process of claim 1, wherein the reacting step 1s
conducted by an in situ plasma, a remote plasma, an 1n-situ
thermal source, a remote thermal source, a remote catalytic
source, a photon activation source, and combinations
thereof.
10. The process of claim 1, wherein the reacting step 1s
conducted by a remote plasma.
11. The process of claim 1, wherein the substrate 1s a
semiconductor substrate and the process etches selected
portions of the substance from the semiconductor substrate.
12. The process of claim 1, wherein the substrate 1s a
process chamber and the process cleans deposition from the
process chamber.
13. The process of claim 1, wherein the substance 1s
coated on the substrate by atomic layer deposition.
14. A process for cleaning a substance from a process
chamber surface, said process comprising:
providing a process chamber containing the process
chamber surface wherein the process chamber surface
1s at least partially coated with a film comprising a
transition metal ternary compound selected from the
group consisting of TaN C , WN C , TaS1 C , WS1,C
and mixtures thereof and wherein x and y indepen-
dently range from 0.05 to 10.0;

reacting the substance with a process gas comprising a
fluorine-containing gas to form a volatile product
wherein the fluorine-containing gas comprises at least
one member selected from NF;, CIF,, CIF, SF,., a
pertluorocarbon, a hydrotluorocarbon, HF, F,, a gas
having the formula NF,Cl,_ , where n 1s a number
ranging from 1 to 2, and mixtures thereof; and

removing the volatile product from the process chamber
to thereby remove the substance from the substrate.

15. The process of claim 14, wherein the process chamber
1s one selected from an atomic layer deposition process
chamber and an atomic layer chemical vapor deposition
process chamber.

16. A process for removing a substance from at least a
portion of a substrate, said process comprising:

providing the substrate having the substance comprising a

transition metal carbonitride;

reacting the substance with a process gas comprising a

fluorine containing gas and optionally an additive gas
to form a volatile product; and

removing the volatile product from the substrate to

thereby remove the substance from the substrate.

17. The process of claim 16, wherein the transition metal
carbonitrides 1s at least one selected from titanium carboni-
tride (TiNC), tantalum carbomitrides (TaNC), chromium
carbonitride, tungsten carbonitride, molybdenum carboni-
tride, zircontum carbonitrides, and mixtures thereof.

18. A process for removing a substance from at least a
portion of the substrate, said process comprising:
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providing the substrate having the substance comprising a
transition metal silicon carbide;

reacting the substance with a process gas comprising a
fluorine containing gas and optionally, an additive gas
to form a volatile product; and

removing the volatile product from the substrate to
thereby remove the substance from the substrate.

19. A process for removing a substance from at least a

portion of a substrate, said process comprising:

14

providing the substrate having the substance comprising a
transition metal quaternary compound;

reacting the substance with a process gas comprising a
fluorine containing gas and optionally, an additive gas
to form a volatile product; and

removing the volatile product from the substrate to
thereby remove the substance from the substrate.
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